During the tapping process, chip snarling at high cutting speeds is a major obstacle in the improvement of machining efficiency. A cut tap tool coated with nickel-phosphorus (Ni-P)/abrasive particle composite film reduced the chip curl diameter and prevented chip snarling under high cutting speed conditions (50 m/min). In this study, the local coefficient of friction at the sliding zone of the chip-tool interface was estimated on the basis of the sticking-sliding friction model and using the cutting torque and thrust force measured during the tapping process. In addition, the effects of the local coefficient of friction at the sliding zone on chip curl diameter and secondary shear zone thickness were analyzed to investigate the mechanism of preventing chip snarling when using tapping tools coated with composite film. Tapping tests were conducted using four tapping tools that were steam treated, TiCN film coated, Ni-P/cBN film coated, or Ni-P/SiC film coated. The workpiece material was a rolled structure steel. The cutting speeds were 10, 30, and 50 m/min. The results demonstrated that chip curl diameter decreased with an increase in the local coefficient of friction at the sliding zone. The local coefficients of friction for tapping tools coated with composite films (1.51-1.91) were higher than those for tapping tools with conventional surface treatments (1.35-1.58). The secondary shear zone thickness also increased with an increase in the local coefficient of friction at the sliding zone. These results indicated that the tapping tool coated with Ni-P/abrasive particle composite film provided a high local coefficient of friction at the sliding zone, which increased the secondary shear zone thickness and reduced the chip curl diameter.
Introduction
Chip snarling on a cut tap is an obstacle in the improvement of machining efficiency in the tapping process because snarled chips on the tapping tool must be manually removed and frequently cause a tool to break. Hard coating films such as titanium carbo-nitride (TiCN) are subjected to a cut tap to increase wear resistance, thereby increasing tool service life; however, such smooth and hard coatings cause chip snarling under high cutting speed conditions (Cheng, 2010) . Saito et al. (2014) developed a high-speed steel (HSS) spiral tap tool coated with nickel-phosphorus (Ni-P)/abrasive particle composite film and succeeded in preventing chip snarling on the tapping tool when machining at 50 m/min, which is five times the normal cutting speed (10 m/min). Saito et al. (2016a) also found that the chip curl diameter D c must be shorter than the helical flute width of the tap tool W t to prevent chip snarling (Fig. 1) . Furthermore, Saito, Yamaguchi, Itagaki, Shibata, Kubo, Watanabe, Oyama and Hokkirigawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.1 (2017) 7 they pointed out that there is a negative correlation between chip curl diameter and the average (global) coefficient of friction at the chip-tool (rake) surface interface: an increased global coefficient of friction at the chip-tool interface decreases chip curl diameter (Saito et al., 2016b) . The developed tapping tool coated with the Ni-P/abrasive particle film increased the global coefficient of friction because of the plowing friction of the abrasive particles. However, the reason why the increased global coefficient of friction enhances chip curl, i.e., decreases chip curl diameter, during the tapping process remains unclear.
Chip deformation is a complex phenomenon, and several mechanisms of chip curl occurrence have been proposed. In general, chip curl is enhanced by chip breaker (Zhang and Peklenik, 1980) , built-up edge (Cook et al., 1963) , and/or secondary shear zone (Nakayama et al., 1984) in orthogonal cutting. In our previous research, a chip breaker was not applied at the tap tool edge, and no built-up edges were observed at the tool edge surface after tapping tests (Saito et al., 2016b) . Thus, we hypothesize that the decrease in chip curl diameter was caused by the existence of a secondary shear zone in the area adjacent to the chip-tool interface. In the secondary shear zone, there is plastic flow, and the shear velocity gradually increases until the bulk chip speed is reached. Nakayama et al. (1984) demonstrated that chip curl diameter decreased with an increase in the secondary shear zone thickness in orthogonal cutting. However, there is no research investigating the coefficient of friction at the chip-tool interface and the secondary shear zone thickness during the tapping process or during orthogonal cutting. On the rake face, the chip-tool contact is divided into two regions: 1) a plastic region characterized by a sticking friction with a plastic localization, where stresses reach a maximum level; and 2) an elastic region characterized by a sliding friction and a linear proportionality between the normal and shear stresses (Usui and Takeyama, 1960) . The local coefficient of friction at the sliding zone could affect the secondary shear zone thickness, resulting in variation of the chip curl diameter.
In the current study, we aimed 1) to estimate the local coefficient of friction at the sliding zone of the chip-tool interface based on the cutting torque and thrust force during the tapping process and 2) to investigate the effect of the local coefficient of friction at the sliding zone on chip curl diameter and secondary shear zone thickness. Thus, we tested the above hypothesis and clarified the mechanism of chip snarling prevention when using a tapping tool coated with a Ni-P/abrasive particle composite film. Fig. 1 Effect of chip curl diameter on chip snarling (Saito et al., 2016a Saito, Yamaguchi, Itagaki, Shibata, Kubo, Watanabe, Oyama and Hokkirigawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.1 (2017) Saito, Yamaguchi, Itagaki, Shibata, Kubo, Watanabe, Oyama and Hokkirigawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.1 (2017) 7
Estimation of coefficient of friction at the sliding zone
We assume that the specific cutting resistance, which is the cutting resistance per unit of contact area, between each cutting edge of the tapping tool and the workpiece is the same; thus, the cutting resistance for the nth cutting edge R nth is expressed as follows:
where R is the cutting resistance, A all is the resultant cutting area of all cutting edges and A nth is the cutting area of the nth cutting edge, which is calculated from the uncut chip thickness and geometry of each cutting edge. In this study, the number of cutting edges is seven. An orthogonal cutting model was used as an approximation of the contact between the workpiece and the cutting edge of the tap tool (Fig. 2) . As shown in Fig. 2 , the shear phenomenon occurs in the primary shear zone, and the plastic deformation region of the chip is expanded at the interface between the chip and the rake face of the tool edge, i.e., the secondary shear zone (Shaw, 1980) . The shear stress s and normal stress  s in the shear plane A-B are calculated by Eqs. (2) and (3) (Okushima and Hitomi, 1961) .
where  ̅ is the global friction coefficient at the chip-tool interface and  e is the effective rake angle. A s is the area of the shear plane and  is the shear angle. A s and  are obtained from Eqs. (4) and (5), respectively: where b t is the width of the free surface of the chip, b b is the width of the chip near the rake face of the tool, and r is the cutting ratio, which is calculated by r = t 1 /(cos × t 2 ), where t 1 is the uncut chip thickness, t 2 is the chip thickness, and  is the chip flow angle. Fig. 3 shows the sticking-sliding friction model (Nakayama, 1984) . In this model, there are two contact conditions: one is the sticking zone where the material is deformed plastically by the large normal stress at the tool tip, and the other is the sliding zone where the chip is sliding on the rake face. According to Moufki et al. (1998) , the distribution of normal stress along the interface between the chip and the tool rake face  c (z) is determined as follows:
where  0 is the normal stress at the tool tip, F n_nth is the normal force on the rake face of the nth cutting edge, L c is the chip contact length,  is the characteristic value of pressure stress, z is the distance from the tool cutting tip along the rake face, and w(z) is the width of each cutting edge. L c is calculated as follows:
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Assuming that the shear stress in the sticking zone k chip is equal to that in the primary shear zone  s , the shear stress in the sticking zone  c (z) is given by the following relation:
The shear stress in the sliding zone  c (z) is calculated by Coulomb's law as follows:
where  slid is the coefficient of friction at the sliding zone.
The chip contact length, friction force, and normal force at the chip-tool interface are expressed by where L stick is the chip contact length at the sticking zone, L slid is the chip contact length at the sliding zone, F stick is the friction force at the sticking zone, F slid is the friction force at the sliding zone, F nth is the friction force at the rake face of the nth edge, F n_stick is the normal force at the sticking zone, F n_slid is the normal force at the sliding zone, and F n_nth is the normal force at the rake face of the nth edge of the tapping tool.
The shear resistance is induced by the plastic flow of the chip. Thus, the friction force in the sticking zone is given by where A stick is the contact area in the sticking zone. The normal force at the sliding zone is calculated by the ratio of normal stress as follows:
Thus, the local coefficient of friction at the sliding zone is determined by Fig. 4 shows a flow chart of the solving process for the local coefficient of friction at the sliding zone. The cutting resistance R and the global coefficient of friction were derived from a coordinate transformation of the cutting torque and thrust force (Saito et al., 2016b ) measured experimentally by the tapping test. The width of the chip near rake face b b , width of the free surface of the chip b t , and chip thickness t 2 were measured after the tapping test. The details of the tapping test are described in the next section. The effective rake angle  e , uncut chip thickness t 1 , and resultant cutting area of all edges were 14.3 degree, 0.075 mm, and 0.1925 mm 2 , respectively, which are given by the tool geometry (Saito et al., 2016b) . The characteristic pressure stress value for carbon steel  is 2.34 (Childs, 2006) . In this study, the local coefficient of friction at the sliding zone of the fourth edge was considered representative of all cutting edges. The shear stress and normal stress in the primary shear zone are calculated by Eqs. (1)- (5). The local coefficient of friction at the sliding zone  slid was determined by numerical calculation based on the above sticking-sliding friction model. The initial value of the local coefficient of friction at the sliding zone  0 was assumed as 1.0, and using this value the local coefficient of friction at the sliding zone  slid was calculated by Eqs. (6)- (15). When the difference between the initial value of the local coefficient of friction at the sliding zone  0 and the calculated coefficient of friction at the sliding zone  slid was over 0.01, the value of  slid is substituted for the value of  0 and the calculation was continued. When the difference between the value of  0 and the value of  slid was within 0.01, the calculation was terminated and the value of  slid was determined. The secondary shear zone thickness , which is the stagnation region of material flow in the absence of the built-up edge, was calculated using Eq. (17) (Özel and Zeren, 2005) : Saito, Yamaguchi, Itagaki, Shibata, Kubo, Watanabe, Oyama and Hokkirigawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.1 (2017) 7 Tapping tests were conducted with a machining center. Table 1 shows the experimental conditions for the tapping test. The tapping tool was a spiral-tap (HSS, M6 × 1). The surface treatments of the tapping tools were (i) steam treatment, (ii) TiCN film coating, (iii) Ni-P/cBN film coating, and (iv) Ni-P/SiC film coating. Details of the test tapping tool shape and surface treatments have been shown in our previous study (Saito et al., 2016b) . The workpiece material was rolled structure steel (JIS SS400) in the form of a rectangular block of 14 × 310 × 450 mm. The cutting speeds were 10 (normal cutting speed), 30, and 50 m/min. During the tapping process, emulsion cutting oil was used. The number of cutting processes (holes) undertaken was 25. The cutting torque and thrust force were measured using a dynamometer. The measured forces were transformed to the resultant cutting resistance of all cutting edges R using the proposed coordinate transformation of the previous study (Saito et al., 2016b) . The cutting chips were collected after cutting each hole, and the chip curl diameter, chip thickness, and chip width were measured. To evaluate the stable value of the local coefficient of friction at the sliding zone, the local coefficient of friction was estimated from the results of 16-25 threaded holes.
Results and Discussion

Cutting resistance
Figs. 5 and 6 show the cutting torque and thrust force, respectively, with respect to the number of cutting processes at 10, 30, and 50 m/min. The cutting torques for the tapping tools coated with the Ni-P/cBN or Ni-P/SiC film were apparently higher than the others at all cutting speeds. The thrust force for the tapping tool coated with Ni-P/SiC film was higher than that for the tapping tool with steam treatment under all cutting conditions. The thrust force for the tapping tool coated with Ni-P/cBN film was lower than that for the conventional tapping tool at 30 and 50 m/min. At 50 m/min, the thrust force for the 16-25 holes produced using the tapping tool covered with TiCN film was higher than that for each of the other tapping tools. Saito, Yamaguchi, Itagaki, Shibata, Kubo, Watanabe, Oyama and Hokkirigawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.1 (2017) Fig. 7 shows the relation between chip curl diameter and the calculated local coefficient of friction at the sliding zone. The second axis shows the dimensionless chip curl diameter, which is the diameter of the chip curl divided by the helical flute width (Saito et al., 2016b) . As shown in Fig. 7 , the coefficient of friction at the sliding zone showed a high value that varied from 1.39 to 1.80. The range of local coefficient of friction values obtained herein was similar to the results of orthogonal cutting reported by Astakhov (2005) , which may indicate the validity of the calculation of the local coefficient of friction at the sliding zone used in this study. The local coefficient of friction for the tapping tool coated with the composite film was higher than that for other tapping tools. This trend was confirmed with the results obtained from the pin-on-disk friction test (Saito et al., 2016a) . The figure also indicates a negative correlation between chip curl diameter and the local coefficient of friction; thus, chip curl diameter tended to decrease with an increase in the local coefficient of friction at the sliding zone. In addition, the local coefficient of friction for the tapping tool coated with the composite film was higher than 1.58, and the dimensionless chip curl diameter was smaller than 1.0. According to previous studies (Saito et al., 2016b) , chip curl diameter must be shorter than the helical flute width of the tap in order to prevent chip snarling on the tapping tool. In concurrence with previous studies, the tapping tool coated with the composite film prevented chip snarling at all cutting speeds, whereas the tapping tools with conventional steam treatment and TiCN film coating could not prevent chip snarling. Therefore, it is evident that the large local coefficient of friction at the sliding zone is effective in reducing chip curl diameter, resulting in the prevention of chip snarling during tapping.
Tapping test
Relation between the local coefficient of friction at the sliding zone and chip curl diameter
4.3.
Effect of the local coefficient of friction at the sliding zone on the secondary shear zone thickness Fig. 8 shows the relation between the secondary shear zone thickness and the local coefficient of friction at the sliding zone. As shown in this figure, the secondary shear zone thickness was highly correlated with the local coefficient of friction. The tapping tools coated with the composite films resulted in a thick secondary shear zone compared with the other tapping tools; the secondary shear zone thickness for the tapping tool coated with TiCN film, which has high adhesion resistance and a low local coefficient of friction at the sliding zone, was thin. In addition to Figs. 7 and 8, Fig. 9 shows that chip curl diameter tended to decrease with an increase in the secondary shear zone thickness. Consequently, these results demonstrate that the chip curl was enhanced by an increase in the size of the secondary shear zone at the chip-tool interface during tapping. According to Nakayama et al. (1984) , the curvature of a chip curl increases with an increase in the secondary shear zone thickness because the chip curl is deformed along the secondary shear zone in orthogonal cutting. These results support our hypothesis.
The local coefficient of friction at the sliding zone could affect the stress field in the primary shear zone as well as that in the secondary shear zone. Fig. 10 shows the relation between the local coefficient of friction and normal stress in the primary shear zone. The normal stress in the primary shear zone increased linearly with an increase in the local coefficient of friction, which indicates that stagnation of the materials is significant with an increased local coefficient of friction at the sliding zone. Fig. 11 shows the relation between shear stress and normal stress in the primary shear zone. These stresses in the primary shear zone differ widely across the treatment types of the tapping tool and the cutting speeds. Thus, the local coefficient of friction at the sliding zone had an impact on the stress fields in the primary shear zone as well as the secondary shear zone. The tapping tools coated with the composite films provided higher normal and shear stresses compared with those having a conventional treatment/coating. Therefore, the tapping tools coated with the composite films increased the stresses in the primary shear zone and enlarged the secondary shear zone, which resulted in enhanced curling of the chip and prevention of chip snarling. Saito, Yamaguchi, Itagaki, Shibata, Kubo, Watanabe, Oyama and Hokkirigawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.1 (2017) 7 Fig. 8 Relation between secondary shear zone thickness and the local coefficient of friction at sliding zone. Saito, Yamaguchi, Itagaki, Shibata, Kubo, Watanabe, Oyama and Hokkirigawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.1 (2017) 7
Conclusions
The current study was the first attempt to estimate the local coefficient of friction at the sliding zone of the chiptool interface during tapping. The effects of the local coefficient of friction on chip curl diameter and secondary shear zone thickness were analyzed to investigate the mechanism of chip snarling prevention for tapping tools coated with the composite film. Conclusions obtained from this study are as follows: 1) Chip curl diameter decreased with an increase in the local coefficient of friction at the sliding zone; the local coefficients of friction for tapping tools coated with composite films (1.58-1.80) were higher than those for tapping tools with conventional surface treatments (1.40-1.65).
2) The local coefficient of friction at the sliding zone had a significant impact on secondary shear zone thickness; the secondary shear zone thickness increased with an increase in the local coefficient of friction at the sliding zone. 3) The tapping tool coated with Ni-P/abrasive particle composite film provided a high local coefficient of friction at the sliding zone, which increased secondary shear zone thickness and reduced chip curl diameter. 
